Using photometry and proper motions from Gaia Data Release 2, we detect a 50
Introduction
The inner Galactic halo is now known to be populated with dozens of stellar debris streams (Grillmair & Carlin 2016; Shipp et al. 2018; Ibata et al. 2019; Palau & MiraldaEscude 2019) . Most of these streams are relatively narrow, with physical widths on the order of 100 pc, and they are consequently assumed to have been produced by globular clusters. Yet we know of only three extant globular clusters with long (> 10
• ) tidal tails, namely Pal 5 (Odenkirchen et al. 2003) , NGC 5466 (Grillmair & Johnson 2006; Belokurov et al. 2006) , and M68 (Palau & Miralda-Escude 2019) . This is somewhat surprising, given that most globular clusters studied to date show evidence for departures from King profiles (King 1966) in their outskirts that are consistent with the development of tidal tails (Grillmair et al. 1995; Leon et al. 2000) .
With episodic stripping and consequent regular variations in stream density, tidal tails extending from extant globular clusters may be somewhat problematic for detecting signatures of dark matter subhalos (Küpper et al. 2012) . On the other hand, by providing well-characterized progenitors, such tidal tails will be useful for understanding the detailed physics of tidal stripping, the accretion sequence of the halo, and the shape of the Galactic potential (Bovy et al. 2016) .
With the second data release of the Gaia catalog we now have considerably more information for sorting stars into substructures. , and Ibata et al. (2019) have applied brute force orbital integration techniques to discover many halo streams that would have been impossible to detect with the purely photometric techniques of a few years ago. Here we use an alternative, more directed method to detect a long trailing tail behind the globular cluster M5. Section 2 describes our method. We discuss possible issues with the association of the stream with M5 in Section 3 and make concluding remarks in Section 4.
Analysis
Our search technique makes use of the Gaia second data release (Gaia Collaboration et al. 2016 , 2018a . While the relatively bright limiting magnitude of the catalog (G ≈ 20) rather limits the numbers of main sequence stars that can be sampled (compared with deeper photometric catalogs like the Sloan Digital Sky Survey or Pan-STARRS) the addition of high-quality proper motion measurements enables selection criteria that can more than compensate in certain circumstances.
Gaia Collaboration et al. (2018b) used the Gaia catalog to measure proper motions for most of the known Galactic globular clusters. Using these proper motions along with previously published radial velocities, we used a simple model of the Galaxy (Allen & Santillan (1991) , updated using the parameters of Irrgang et al. (2013) ) to compute orbits for clusters. From these orbits we derived expectation profiles for proper motions as a function of position on the sky. The predicted run of position, distance, radial velocity, and proper motions for M5's orbit are shown in Figure 1 .
We then applied a modified form of the matched filter described by Rockosi et al. (2002) and Grillmair (2009) to the Gaia data. Briefly, we used the Gaia-observed G, G BP − G RP distribution of stars in M5 to produce a color-magnitude locus extending from the apparent tip of the red giant branch to the main sequence at G ≈ 21. This locus was then shifted up and down in G to account for possible changes in distance of stream stars. At each magnitude shift/assumed distance, individual stars in the field were accorded weights based on their minimum G, G BP − G RP distances from the CM locus. These weights were computed using the Gaia-provided photometric uncertainties and assuming a Gaussian error distribution. We used only stars with photometric uncertainties of less than 0.5 mag and valid proper motion measurements. In this newly modified form of the filter, these weights were then scaled again using each stars's departure from the expected proper motion profiles shown in Figure 1 . The Gaia-provided proper motion errors were assumed to be Gaussian and the corresponding weights computed as:
(1) where µ pred are the components of proper motion predicted at each star's Right Ascension in Figure  1 . We then summed these weights by sky position to produce the weighted surface density map shown in Figure 2 . Figure 2 shows a tenuous but significant stream of stars extending ≈ 50
• to the northwest of M5. The stream is not aligned with any features in Gaia's scan pattern, nor does it coincide with any extended regions of particularly low reddening (Schlegel, Finkbeiner, & Davis 1998) . The stream is visible only over a limited range of assumed distance moduli, strengthening and subsiding with increasing distance in a manner that is characteristic of purely photometric uncertainties. While there is no obvious M5-like color-magnitude sequence visible for purely proper motion-selected stars within the area of the stream, using colormagnitude filters that are either somewhat more metal-rich or more metal-poor than M5 yield a reduced maximum signal-to-noise ratio (SNR). Based on the strength of the matched-filtered signal, the stream appears to be located about 0.1 magnitudes closer over of much of its length than the 7.5 kpc distance of M5 itself (Harris 1996) . This qualitatively agrees with Figure 1 , which predicts a heliocentric distance that drops slightly to 7.3 kpc at R.A. ≈ 217
• and then increases to nearly 15 kpc at R.A. ≈ 134
• .
Over the region 190
• the path of the stream can be modeled to within 0.3
• using:
Though M5 itself was not used in the fit, Equation 1 passes within 4 of the cluster. In Figure 3 we have conducted an identical analysis, but using a coordinate system aligned with the stream in Figure 2 . This coordinate system has a pole at (R.A., dec) = (326.626
• , +63.7782
• ), and a zeropoint that places M5 at φ 1 = 0
• . We have also attempted to remove the foreground contribution by fitting a 3rd order polynomial to the distribution after masking out M5 itself. Also shown is the predicted orbit of M5 from Figure 1 . While we do not generally expect a tidal tail to precisely follow the orbit of its progenitor (Eyre & Binney 2011) , we note that the predicted orbit diverges somewhat from the path of the stream, lying about 3
• north of the stream at φ 1 ≈ −50
• . We discuss this further below.
The strongest portion of the stream extends to φ 1 ≈ −41
• , whereupon the signal drops significantly to φ 1 ≈ −50
• . There may be an additional stream segment extending from φ 1 ≈ −62
• . The significance of this segment is clearly marginal, though its downward arc to the southwest is suggestively similar to that of the predicted orbit. If we believe that this segment is real then there appears to be a possible gap in the stream extending from φ 1 = −50
• and φ 1 = −62
• . Such a gap might be a consequence of epicyclic motions of stars due M5's fairly eccentric orbit, or it may have been caused by an encounter with with a massive perturber, including perhaps a dark matter subhalo (Carlberg 2009; Yoon et al. 2011) .
The lateral profile of the stream is shown in Figure 4. This profile was measured using both 0.6
• -wide and 2.6
• -wide rectangular masks extending from φ 1 = −47
• to φ 1 = −10
• . These masks were passed laterally across the foreground-subtracted stream in Figure 3 and the total signal recorded as a function of φ 2 . The profile was then divided by the standard deviation in the signal profile for all regions with |∆φ 2 | > 4
• to yield a measure of SNR (the T-index of Grillmair (2009)). The strongest part of the stream is evidently detected at ∼ 10σ. Using the 0.6
• -wide mask, we find the full-widthat-half-maxium (FWHM) to be 1.7
How sensitive is our detection to the predicted proper motion profiles in Figure 1 ? To test this, we offset the µ α cos δ and µ δ profiles by specified amounts and measured the strength of the stream as we did in Figure 4 . Figure 5 shows the signal strength as a function of proper motion offset. The signal clearly drops quite quickly as we offset from the nominal profiles expected for the orbit of M5. The widths of the peaks are consistent with the proper motion uncertainties, which can exceed 1 mas/yr at our limiting magnitude. Proper motion offsets in declination result in a more precipitous decline in the signal strength than proper motion offsets in µ α cos δ. This appears to be in accord with Gaia's relative proper motion uncertainties in the two directions in this part of the sky. For stars with 18 < G < 20 and satisfying our colormagnitude constraints, the average µ α cos δ uncertainty is 0.74 mas/yr, whereas for µ δ the average is 0.45 mas/yr.
We note in passing that the uncertainties in our M5 proper motion profiles are dominated by the uncertainty in the distance to M5 (see below). We are of course also subject to inaccuracies in our adopted Galactic model. The uncertainties in the measured proper motions and radial velocity for M5 (Gaia Collaboration et al. 2018b ) are so small as to have essentially no visible effect on the profiles in Figure 1 .
Based on (i) the close alignment of the stream with M5, (ii) the similarity in distance and trajectory of the stream compared with that of the model orbit, (iii) that the stream is most strongly detected using the proper motions predicted for M5's orbit, and (iv) the fact that the highest SNR is obtained using a filter based on the colormagnitude distribution of stars in M5, we conclude that the stream is most likely to be the trailing tidal tail of M5.
Our computed orbit for M5 predicts heliocentric distances that remain relatively constant for much of the visible stream, rising gradually to the west and peaking at at about 14.5 kpc at RA ≈ 135
• . Thus, even if the stream extended around the Galaxy with uniform surface density, we would expect the observed stream to fade towards the west as fewer and fewer stars lie within Gaia's magnitude limit. Moreover, the surface density of foreground stars with proper motions similar to those of M5's orbit increases substantially as we approach the Galactic plane to the west. This is shown in Figure 6 , where we compare the predicted proper motions for M5's orbit with the distribution of proper motions in the region of the north Galactic pole. Using a globular cluster luminosity function and reducing the limiting magnitude by 1.5 magnitudes predicts that we should see only one third as many stars. In addition, sampling Figure 5 or making a cut along φ 1 just below the stream shows that foreground contamination increases by more than a factor of ten. Combining the reduction in stream stars with the increase in background therefore predicts an SNR of ≈ 1 at R.A. = 135
• . This is roughly consistent with the appearance of the westenrmost segment. • − 15
• to the southeast of M5, these also coincide with similarly shaped patches of significant reddening ((E -V) ≈ 0.4, Schlegel, Finkbeiner, & Davis (1998) ). For the present, we attribute these enhancements to inaccurate reddening corrections. M5's orbit predicts that the leading tail should reappear south of the Galactic plane at ≈ 11 kpc, with distance increasing eastwards to over 20 kpc at RA > 320
• . A cursory search for the leading tail south of the Galactic plane did not yield any obvious candidate. Moreover, Gaia's scan pattern in this region of the sky is almost parallel to M5's predicted orbit, making an unambiguous identification somewhat problematic. Based on the arguments above, we conclude that the SNR is too low for detectability with existing Gaia measurements.
Radial Velocity Measurements
Matching by position the five hundred highest weighted stars in the stream against the Sloan Digital Sky Survey Data Release 15 (Aguado et al. 2018) , we found a total of three matches. Of these, only one star is classified as metal poor. This star (SDSS J124931.41+195438.0) has (R.A., dec) = (192.38091
• , 19.910564 19.46, 19.20, 19 .1, [Fe/H] -1.5, and a heliocentric radial velocity of −93 ± 14 km s −1 . Figure 1 shows that the predicted velocity at this point along M5's orbit is -73.5 km s −1 , in agreement at the 1.4σ level. We therefore consider this a high probability member of M5's trailing tail.
As an aid for ongoing and future spectroscopic surveys, we provide coordinates, Gaia magnitudes and colors, and proper motions for the fifty highest-weighted candidate stream stars in Table 1. These candidates span the strongest part of the stream (188
• <R.A.< 227 • ) and are ranked by relative weight, with the most probable candidate listed first.
Discussion
M5's trailing tail is somewhat broader than other globular cluster streams. At a distance of 7.5 kpc, the measured FWHM of 1.7
• would correspond to ≈ 200 pc. The stream also appears to be less collimated and more "wiggly" than more populous streams like GD-1 or Pal 5, though this may be partly a consequence of small number statistics.
Another interesting feature of M5's tidal tail is that it does not connect as directly or as strongly with the cluster as do, for example, the tidal tails of Pal 5 Odenkirchen et al. (2003) • and 30
• away from the cluster, and there appears to be a gap or diminution between 5
• to 10
• from the cluster itself. Does this argue against an association between the stream and M5? As a simple experiment we set the cluster to be 62 pc (the estimated tidal radius of a M5 Harris (1996) ) and 200 pc (the width of the stream) further away than its nominal distance and integrate new orbits around the Galaxy. These integrations show that the stars in the trailing tail should take between 3% and 8% longer to orbit the Galaxy than the cluster itself. M5 is on a moderately eccentric orbit ( ≈ 0.8 (Gaia Collaboration et al. 2018b)) and tidally stripped stars will primarily be lost near perigalacticon. If the strongest part of the stream in Figure 2 represents a pulse of stars lost during the last perigalactic passage some 3 × 10 8 years ago, then we would now expect the center of this pulse to be trailing the cluster by between 14
• and 20
• . The approximate agreement between the observed distribution and the results of this experiment once again point to an association between the stream and M5, and suggest that the cluster is undergoing strongly episodic tidal stripping. Could M5's trailing tail be detected using traditional, photometry-only matched filter techniques applied to deeper photometric surveys? We tested this by applying the matched-filter technique described by Grillmair (2009) to the Pan-STARRs PS-1 catalog, using g −r and g −i color-magnitude diagrams for M5 to a limiting magnitude of g = 21.7. This fainter magnitude limit would nominally gain us between two and three times as many stream stars. However, owing presumably to the lack of proper motions and the concomitant severe contamination by foreground stars, no trace of a stream could be detected. This underscores the tremendous value of Gaia proper motions for detecting very tenuous streams.
A possible issue with the identification of the stream with M5 is that the stream stars fall on the "wrong" side of the M5's putative orbit. Our adopted Galactic model predicts that we are very nearly in the plane of M5's orbit, though very slightly ahead of this plane in the direction of Galactic rotation. If this is indeed the trailing tail of M5, then the stars would have been cast into slightly higher Galactic orbits than that of M5. From our vantage point, this would nominally put a trailing tail on or just slightly to the north of M5's orbit. Yet the observed stream lies south of the putative orbit over its entire length. This situation holds for a variety of orbits computed by offsetting the velocities, proper motions, and parallax to their 1σ limits (including a systematic error of 0.035 mas/yr per Gaia Collaboration et al. (2018b)). The distance to M5 remains the most uncertain of the input parameters, and the stream offset issue can be alleviated if we set this to be 7 kpc. As shown in Figure 3 , the predicted orbit then lines up with the stream very well. However, such a distance would depart by more than 2σ from the 7.6 kpc main-sequence fitting estimate of Sandquist et al. (1996) . Alternatively, it is quite possible that our simple, spherical halo model is inaccurate in this region of the Galaxy, and that either non-sphericity and/or dynamical changes in the dark matter distribution (Erkal et al. 2019; Carlberg 2019) are responsible for the apparent divergence between orbit and stream. Realistic N-body modeling of the stream may also shed light on whether the position of the stream and M5's putative orbit can be plausibly reconciled. Finally, despite our arguments above, it is possible that the stream is not associated with M5. Spectroscopy of many individual stars will be required to determine whether they are both dynamically and chemically related to M5.
Conclusions
Using Gaia photometry and proper motion measurements we have detected a stream of metalpoor stars that we believe to be the trailing tidal tail of the globular cluster M5. The detection was made possible by the fact that the proper motions expected based on M5's orbit are significantly different from those of most foreground stars in the vicinity of the north Galactic pole. The most visible part of the tail has an estimated surface density to G = 20.0 of 1.5 stars per square degree, and a corresponding surface brightness of > 35 magnitudes per square arcsecond. Owing to both increasing distance and foreground contamination, the stream could plausibly extend much further around the Galaxy but be largely undetectable in the Gaia data.
The predicted destruction rate of M5 is not particularly high among globular clusters generally (Gnedin & Ostriker 1997) , ranking somewhere in the middle or near the bottom depending on the model used. The detection of M5's trailing tail suggests that, given Gaia proper motions, extended tidal tails for many other globular clusters may now be detectable. Previous work suggests that most if not all globular clusters should have tidal tails and our detection demonstrates that Gaia proper motion measurements may, in favorable circumstance, provide a way of mapping the extended portions of these tails. Given the relatively accurate measurements of the six dimensional phase space coordinates now available for many of the nearby globular clusters, finding such extended tidal tails will at a minimum aid in our efforts to map the detailed contours and possible secular evolution of the Galactic potential.
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